Background and aims The strong sorption of iodine in soils is a major factor that limits its uptake by plants. The aim of this study was to evaluate the influence of Humistar (a concentrate of exogenous humic acids 12 % w/w and fulvic acids 3 % w/w; abbreviated: HU) applied with KI or KIO 3 on the efficiency of iodine biofortification, yield and the accumulation of undesirable compounds in spinach. Methods Methods of iodine application with or without HU were tested in two pot experiments and a hydroponic study with spinach cultivation. The spinach biomass and the content of iodine, soluble oxalates, Cd and Pb in leaves were determined. The physicochemical properties and chemical composition of the soil and media were analysed.
Introduction
Iodine is a micronutrient that is essential for the proper functioning of human and animal organisms, in the prenatal period as well as during the initial years of life (Walker et al. 2007; Charlton et al. 2010; MelseBoonstra and Jaiswal 2010; Guyot et al. 2011) . Despite the extensive programme of salt iodisation, approximately 30 to 38 % of the entire human population suffers from inadequate iodine intake. Iodine deficiency disorder (IDD) is a term that describes the entire spectrum of dysfunctions related to the inadequate supply of this micronutrient in the diet (Delange 1998; White and Broadley 2009; Winger et al. 2008) .
The iodine biofortification of plants is proposed as an alternative way to introduce iodine into food and can be an efficient method of IDD prevention. Iodine is not an essential nutrient for plants, therefore, prior to the implementation of biofortification rules into agricultural practice, optimal agrotechnical methods for its application need to be developed.
In the soil environment, iodine undergoes strong sorption with soil organic matter or mineral fractions. This process occurs from 2 h (Hakimi 1996 ) to a few days (Muramatsu et al. 1990; Kashparov et al. 2005) after iodine introduction into the soil. Basically, iodine can be bound only to decomposed, humified organic matter, but not to fresh organic matter (Muramatsu et al. 1996) .
It has been reported that iodine readily interacts with aromatic compounds (phenolics and polyphenols) that have double bonds (Johanson 2000; Schlegel et al. 2006) . Because the structure of fulvic acids and humins includes aromatic rings, endogenous components of soil organic matter covalently bind iodine, resulting in its strong sorption by soil (Muramatsu et al. 1996; Johanson 2000; Schlegel et al. 2006) . The process of iodine sorption to mineral fractions of soil: Fe/Al hydroxide (Muramatsu et al. 1990; Yoshida et al. 1992) Cu/Al and Cu/Cr hydroxide, (Pless et al. 2007 ) as well as various forms of Cu(I)-sulphides and Cu(I)-Fe(III)-sulphides (Lefèvre et al. 2003) has also been reported. Iodine desorption in the soil environment, on the other hand, is very slow (Dai et al 2004) . As a consequence, the above-mentioned sorption processes contribute to a strong limitation of iodine transfer in the soil-plant system.
In addition to a detailed description of the processes leading to iodine loss from the soil due to its volatilisation in the form of I 2 or CH 3 I, the conversion of speciation forms of iodine in the soil environment also depends on mutual and complex relations between the values of pH and redox potential (Eh). These can lead to transformations between I -and IO 3 − or the production of I 2 (Vinogradov and Lapp 1977; Fuge and Johnson 1986; Johnson 2003; Fuge 2013) . Importantly, under aerobic conditions (in upland fields), humic acids are involved in the reduction of iodate (IO 3 − ) to molecular iodine, which can further volatilise or interact with soil organic matter (SOM) to create organo-iodine compounds (Yamaguchi et al. 2005 (Yamaguchi et al. , 2006 .
Concentrates of exogenous humic and fulvic acids can be considered to be substitutes of organic fertilization. One of the effects of their application might be their limited solubility (bioavailability in the soil) and absorption of heavy metals by roots (Tyler and McBride 1982) .
Studies conducted to date on the iodine biofortification of plants have not included the problem of the interaction between such concentrates and iodine compounds applied to soil in the form of iodides and iodates. The recognition of this issue is important, due to the above-mentioned influence of humic acids on iodine sorption and/or transformation in the soil environment.
The aim of the study was to evaluate the influence of Humistar (a concentrate of exogenous humic and fulvic acids), as well as the different chemical forms and methods of iodine application on the effectiveness of iodine biofortification, yield and the accumulation of Cd, Pb and soluble oxalates in spinach.
Materials and methods
The studies were conducted on spinach (Spinacia oleracea L.) cv. 'Olbrzym zimowy' grown in pots or hydroponics, including the application of iodine and a concentrate of humic and fulvic acids. Iodine was applied in the form of pure compounds: KI (P.O.Ch., Poland) and KIO 3 (Sigma-Aldrich, Germany). The source of humic and fulvic acids was a commercial concentrate -Humistar (abbreviated as HU), produced by TRADECORP, Spain. Humistar is a liquid soil amendment based on American Leonardite (a natural form of humates) from North Dakota (USA) mines that contains 12 % w/w humic acids and 3 % w/w fulvic acids.
Plant culture and pot experiments
In the spring season of 2009 and 2010, two independent pot experiments (experiments no. 1 and 2) with spinach cultivation were conducted. The plants were cultivated in open 60 × 40 × 20 cm containers, placed in a plastic tunnel. The containers were filled with 45 dm 3 of silt and loam soil with the following granulometric composition: 35 sand, 28 % silt and 37 % clay (according to the ISSS classification). The soil characteristics, before the initiation of the experiment (prior to the application of fertilizers, HU and the sowing of seeds) were as follows: the pH (H2O) was 6.97, Eh +326.7 mV, the electrical conductivity (EC, total salinity) was 0.31 mS · cm −1 and the mean organic matter content was 2.76 %. The content of the available forms of mineral nutrients and iodine was determined (after extraction with 0.03 M acetic acid) and was: N (N-NO 3 + N-NH 4 ) 58.7 mg, P 39.3 mg, K 73.3 mg, Mg 151.5 mg, Ca 1,245.2 mg, S 17.2 mg, Na 6.8 mg, Cl 0.0, Fe 0.47 mg, Al 3.6 mg, Cu 71.2 μg, Cr 11.3 μg and iodine 2.6 mg in 1 dm 3 of soil. Based on these data, soil fertilization with nitrogen, phosphorus and potassium was performed to the levels of: 100 mg N, 60 mg P and 160 mg K dm −3 soil, using Ca(NO 3 ) 2 , KH 2 PO 4 and K 2 SO 4 . After soil extraction with 1 M HCl, the following concentrations were determined: Fe 1,291.5 mg, Al, 1,176.8 mg, Cu, 4.75 mg and Cr 1.01 mg kg −1 soil.
In both research years, the same soil batch was used, which was obtained from a field at an experimental station of the University of Agriculture in Kraków (50°07′910 N; 19°84′764 E) in spring 2009. The soil used for spinach cultivation in 2010 was stored in a heap, protected from precipitation and sunlight. The experimental factors tested in the study were: the pre-sowing introduction of iodine and HU, and fertigation with iodine.
Experiment no. 1 included the treatment with HU and KI in the following combinations: 1 -control (without HU and iodine), 2 -pre-sowing HU application, 3 -pre-sowing KI fertilization, 4 -pre-sowing HU application with KI fertilization (HU + KI), 5 -fertigation with KI (Fertig. KI), 6 -pre-sowing HU application and fertigation with KI (HU + Fertig. KI).
Experiment no. 2 included the application of HU and KIO 3 in the following combinations: 1 -control (without HU and iodine application), 2 -pre-sowing HU application, 3 -pre-sowing KIO 3 fertilization, 4 -pre-sowing HU application with KIO 3 fertilization (HU + KIO 3 ), 5 -fertigation with KIO 3 (Fertig. KIO 3 ), 6 -pre-sowing HU application and fertigation with KIO 3 (HU + Fertig. KIO 3 ).
In both pot experiments, Humistar was applied at a dose of 0.2 mL · dm −3 of soil, whereas iodine in both forms (KI, KIO 3 ) was applied at a dose of 1 mg dm . The concentration of iodine, cadmium and lead in the nutrient solution was assayed using the ICP-OES technique, and the results were: 30 μg I · dm . In each combination tested, an initial nutrient solution volume of 200 dm 3 was sufficient for plant growth from seed sowing to harvest.
The study included the addition of HU and KIO 3 to the nutrient solution in the following combinations: 1 -control (without HU and iodine application), 2 -HU, 3 -KIO 3 , 4 -KIO 3 and HU. Both Humistar and KIO 3 were introduced at the beginning of cultivation and at seed sowing at a dose of 0.2 mL · dm −3 and 4 mg
, respectively. The experiment was carried out in four replicates, each consisting of 50 plants. The seeds were sown on 15 and 6 September in the subsequent years, with 100 seeds sown per replicate. After germination, the plants were singled out, leaving 50 seedlings per replicate. The spinach was harvested on 16 and 8 November in 2009 and 2010, respectively. After the harvest, the yield of aboveground parts (leaves with petioles and stems) and roots was evaluated, followed by the estimation of the weight of a single whole plant.
Plant analysis
Samples of spinach leaves from pot experiments as well as of leaves and roots from hydroponic cultivation were dried at 70°C in a laboratory dryer with forced air circulation. Dried samples were ground in a variable speed rotor mill Pulverisette 14, FRITSCH using a 0.5 mm sieve. The content of I, Cd, Pb and soluble oxalates was then analysed in these ground samples.
The content of iodine, cadmium and lead was determined using a Prodigy ICP-OES spectrometer (Teledyne Leeman Labs USA). The concentration of soluble oxalates was analysed by titration with 0.02 mol KMnO 4 , following extraction with boiling distilled water (Wierzbicka 2004) .
The iodine concentration in the leaves and roots was determined after incubating the sample with 1 mL 25 % TMAH and 10 mL double-distilled water and 0.5 g plant material was incubated for 3 h at 90°C, in closed Falcon tubes (PN-EN 15111 2008) . Additionally, the iodine recovery from fortified samples after incubation with TMAH was determined, and was 89.3 % ± 3.7 (n = 15).
The levels of Cd and Pb in spinach leaves were analysed after microwave digestion in 65 % super pure HNO 3 using a microwave digester (Pasławski and Migaszewski 2006) . To evaluate the accuracy of the analysis, the content of these elements in certified peach leaf reference material, (CRM 3 
Soil analysis
Prior to plant cultivation in pot experiments, the soil pH, EC, Eh as well as the contents of: organic matter, total N (N-NO 3 + N-NH 4 ), P, K, Mg, Ca, S, Na, Cl, Fe, Al, Cu, Cr and iodine were analysed after extraction in 0.03 M acetic acid. After the extraction of soil with 1 M HCl, the concentration of Fe, Al, Cu and Cr was also determined. The results obtained were used for the characterisation of the soil and are presented in the section BPlant culture -pot experiments^. Each of the following parameters was additionally assayed after spinach cultivation: pH, EC, Eh and the content of I, Cd and Pb (Table S1 ).
In soil samples mixed with water (1:2 v/l, soil:H 2 O), pH and redox potential (Eh) were measured potentiometrically, and the total soil salinity (EC) was measured using a conductivity meter. To estimate the content of the available forms of N (N-NO 3 + N-NH 4 ), P, K, Mg, Ca, S, Na, Cl and iodine, soil extraction with 0.03 M acetic acid was performed (Nowosielski 1988) . The concentrations of Cd and Pb in soil were analysed following soil extraction with 1 M HCl (Gorlach et al. 1999) . The concentrationsof N-NO 3 and N-NH 4 were measured using the FIA /Flow Injection Analysis technique (PN-EN ISO 13395: 2001, PN-EN ISO 11732:2005 (U)), those of K, Mg, Ca, S, Na, Cl, I, Cd, Pb, Fe, Al, Cu and Cr were estimated using an ICP-OES spectrometer and that of chlorides, using the nephelometric method (Nowosielski 1988) . 
Data analysis
The daily iodine requirement for children above 12 years old and adults (with the exception of pregnant and lactating women) is 150 μg I (Andersson et al. 2007 ). The mean serving of leafy vegetables (including spinach) is approximately 50 g f.w. (Voogt et al. 2010 ). Based on this and the results of the iodine content in spinach, the percentage of the Recommended Daily Allowance of iodine (RDA) from one serving of 50 g f.w. of spinach was calculated, and was used as a target of biofortification.
The results of the iodine determination in the soil, nutrient solutions [IC soil The data were subjected to variance analysis using the ANOVA module of Statistica 10.0 PL. This test was employed to verify whether the tested factors had a significant influence on the spinach field as well as the analysed parameters of the chemical composition of the plants and soil. The Tukey test was used to determine the significance between the means at a significance level of P < 0.05. The results were calculated separately for each of year of study.
Results

Spinach biomass
In both pot experiments, no significant influence of HU and iodine application (as iodides, iodates applied before seed sowing or by fertigation) was observed on the mean weight of the spinach leaves in 2009 and 2010 ( Fig. 1a and b) . In hydroponic cultivation, no significant effects of KIO 3 + HU application on spinach leaves, roots or whole plants biomass was found in either year of the study (Fig. 2a) . In comparison to the control, a significant increase in the weight of leaves, roots and whole plants (roots and leaves) was observed for spinach cultivated with the nutrient solution containing KIO 3 or HU (Fig. 2a-c) .
Efficiency of iodine biofortification and iodine transfer factor in spinach
In all three experiments, a significant influence of the tested factors was observed with respect to the iodine content in spinach, as well as the values of TF and RDA (Figs. 3a-f and 4a-e).
In both years of the study, spinach fertigation with KI or KIO 3 (individually or combined with HU) made it possible to obtain from three to ten orders of magnitude higher accumulation of iodine in the leaves of plants cultivated in both pot experiments compared to the presowing application of these compounds ( Fig. 3a and b) . Similar relationships were observed for the calculated values of TF and RDA (Fig. 3c-f ). Plant fertigation with . No significant effect of Humistar application on iodine accumulation, TF and RDA in spinach leaves was observed, whereas for IO 3 − , an increase in the content of I, TF and RDA in spinach after the pre-sowing application of HU + fertigation KIO 3 was observed, compared to fertigation with KIO 3 alone (Fig. 3c) . Similar results regarding a greater iodine accumulation and higher values of TF and RDA coefficients in spinach leaves were observed in the hydroponic cultivation for the nutrient solution containing KIO 3 + HU, compared to KIO 3 alone (Fig. 4a, c and e) . Unlike in the pot experiment, the application of HU to the hydroponic nutrient solution, independently or together with KIO 3 , significantly decreased the iodine content and TF concentration in roots, compared to the control or treatment with KIO 3 alone ( Fig. 4b and d) .
No significant differences were obtained with respect to the efficiency of iodine biofortification, TF and RDA values of spinach after the pre-sowing application of KI, compared to in the HU + KI treatment (Fig. 3a) . Similar results were obtained for the respective combinations with KIO 3 and HU + KIO 3 application (Fig. 3b) . However, the content of iodine, as well as the values of TF and RDA for spinach fertilized with KIO 3 and HU + KIO 3 , did not significantly differ from the control and the soil application of HU alone. However, the mean iodine content in the spinach after the pre-sowing application of KIO 3 and HU + KIO 3 was 9.0 and 10.6 mg I · kg −1 d.w., respectively, which was 6.7 and 8. In each year of the pot experiment, the values of TF and RDA for the spinach in combination treatments with KIO 3 fertigation (applied alone or combined with HU) were several-fold higher than for KI fertigation (Fig. 3a-f ). In the hydroponic study, the value of iodine TF for spinach leaves, as well as RDA, exceeded those observed in the pot cultivation by one to two orders of magnitude ( Fig. 4c and e) . Additionally, the values of iodine TF for spinach roots and leaves collected in the treatments with the addition of KIO 3 and KIO 3 + HU to the nutrient solution were substantially lower than those for the control and the combination with HU alone (Fig. 4c and d) . In comparison to the control, the application of HU alone caused a significant increase in iodine TF in the leaves, and a decrease in the roots. The most significant reduction in the accumulation of Cd in the spinach by the pre-sowing application of KI and HU + KI was observed in pot experiment no. 1 in both years of study ( Figure S2A ). In pot experiment no. 2, this effect was observed after the pre-sowing fertilization with KIO 3 and to a lesser extent, by the application of KIO 3 by fertigation or HU and HU + KIO 3 before seed sowing ( Figure S2D ).
In all experiments (pot and hydroponic ones), the application of Humistar alone caused a significant increase in Pb accumulation, and a concomitant decrease in the Cd concentration in spinach compared to in the control ( Figure S2A , B, D and E, Figure S3A and B). Additionally, plant hydroponic cultivation in nutrient solution containing KIO 3 + HU also reduced the concentration of Cd in the plants. In pot experiment no. 2, the simultaneous pre-sowing application of KIO 3 and HU + KIO 3 decreased the level of Pb accumulation in spinach ( Figure S2E ).
In the hydroponic plant cultivation system, an increase in the content of soluble oxalates was observed in all tested combinations compared to the control -to the greatest extent in plants in the nutrient solution containing KIO 3 ( Figure S2C ). The accumulation of soluble oxalates in spinach in pot experiments was not affected by the combinations of iodine and Humistar application ( Figure S2C and F).
Chemical properties of soil after spinach cultivation in pots
A statistically significant influence of the treatments on the values of pH, EC, Eh and the content of I, Cd and Pb in the soil after spinach cultivation was observed in both years of both pot experiments (Table S1) In pot experiment no. 1, the highest value of Eh in both years of the study was observed in soil fertilized with HU + KI. In experiment no. 2, soil pH values were higher than in the control in both years for all combinations with HU and KIO 3 application, with the exception of pre-sowing soil fertilization with KIO 3 . (Table S1 ).
In both pot experiments, a comparable and statistically higher level of iodine was observed following treatment with KI or KIO 3 (irrespective of the method and additional HU introduction), compared to in the control or following the application of HU alone (Table S1 ). The application of HU + KIO 3 to soil after seed sowing (pot experiment no. 2) caused a slight 
Discussion
Spinach biomass A higher yield was usually obtained in hydroponic cultures than in soil culture. In our opinion, poorer microclimatic conditions in autumn in the plastic tunnel (lower temperatures and a higher relative air humidity) were the main cause of the lower plant weight in the hydroponic treatments than in the pot studies.
The application of HU and KIO 3 into the nutrient solution increased the mass of the spinach plants only in hydroponic cultivation, indicating that when these compounds are applied separately, they might stimulate the development of the root system and leaves. The positive effect of HU on increasing the plant biomass (leaves and roots) in hydroponic culture might be because some molecular components of humic substances regulate plant growth hormones (Pettit 2004) . No increase in leaf weight was observed after HU application in the pot experiments. This suggests that the physicochemical properties of the soil reduced the action of HU on the physiological and biochemical processess of the plants.
The reasons for the increase in biomass at low iodine concentrations are unknown (Kabata-Pendias and Mukherjee 2007). A positive effect of low iodine doses (0.01-0.1 p.p.m.) on the increase in plant yield in most cases to the mid-twentieth century has been observed (Borst-Pauwels 1961), which involved plant varieties grown before or at the beginning of the 'green revolution'. Other genetic differences between the old and the new heterotic varieties might exist with respect to the plants' response to iodine. We cultivated a traditional Polish variety of spinach obtained in the 1960s, which might explain the increased spinach yield in hydroponic culture following the application of KIO 3 alone. The effect of iodine on plant biomass productivity depends on the chemical form ) and the dosage of the element in soilless culture (Blasco et al. 2008) .
The absence of a positive effect of the application of KIO 3 + HU on plant weight in hydroponic culture might be due to a significant increase in the iodine content in the leaves of these plants comparison to those treated with KIO 3 alone. The increase was so substantial that the plant weight following the addition of KIO 3 + HU was lower than that following the application of KIO 3 or HU alone. The iodine content in plants treated with KIO 3 + HU was not, however, sufficiently high to reduce the plant weight to a level lower than that in the control. Even small doses of iodine can be harmful to plants (Mackowiak and Grossl 1999; Mackowiak et al. 2005; Hong et al. 2009 ).
Efficiency of iodine biofortification of spinach
In studies conducted by Mackowiak et al. (2005) In pot experiment no. 1, no significant effect of the humic and fulvic acids present in Humistar was observed on iodine accumulation or on the values of TF and RDA in the upper parts of spinach cultivated on soil treated with KI applied before seed sowing or with fertigation. However, in pot experiment No. 2, a positive effect of HU was observed on root-to-leaf transfer, and on the accumulation of iodine (or RDA values) when KIO 3 was applied with fertigation but not by pre-sowing fertilization. Similar results were obtained in the hydroponic experiment, which showed that the iodine content in the roots from the treatments with HU or KIO 3 + HU was lower than in the control or KIO 3 treatments, respectively. The application of HU to the nutrient solution also significantly increased iodine accumulation and TF in spinach leaves. The mechanism for the effect of HU on iodine transfer from roots to leaves, as well as why the efficiency of plant fertigation was limited only to the IO 3 − form of iodine, is unclear. Yamada et al. (1996) demonstrated that following the introduction of mineral iodine into the soil, undetermined organic iodine compounds formed between 5.6 and 20.3 % of the total iodine content (the remaining being iodine in the form of I -and IO 3 − ) in water-soluble iodine in soil extracts. The authors also demonstrated that soil extraction with water makes it possible to determine exogenous (synthetic) organo-iodine compounds introduced into the soil with a very good recovery, i.e., L-thyroxine 5-iodocytosine, 7-Iodo-8-hydroxyquinoline-5-sulfonic acid and o-Iodoenzoic acid. Iodoacetic anions (CH 2 ICOOH − ) can be taken up by plants in amounts comparable to or greater than those of I − and IO 3 − (Umaly and Poel 1971; Weng et al. 2008 ).
However, no clear evidence shows that plants uptake organo-iodine compounds other than the CH 2 ICOOH -ion. We demonstrated in another study (patent application by Sady et al. 2014 ) that lettuce plants in hydroponic culture can absorb 5-iodosalicylic acid, 3,5-diiodosalicylic acid, 2-iodobenzoic acid and 2,3,5-triiodobenzoic acid from the nutrient solution and we confirmed the presence of these compounds in leaves. Soil contains various organic acids, including salicylic acid (Hue et al. 1986 ), which (with its derivatives) is included within the SOM. In experiment no. 2 and in hydroponic cultivation, iodate ions might have interacted with the humic or fulvic acids present in Humistar. Ions of IO 3 − introduced into the soil through fertigation in low doses might have been chemically reduced to I 2 (or I − ) by soil microorganisms and soil organic matter (Yamaguchi et al 2005) or onto the surface of roots (Kato et al. 2013) . Because molecular iodine (I 2 ) is more reactive, it probably binds to the aromatic rings of such compounds. The resultant complexes (I + humic acids, I + fulvic acids or I + soil organic matter) might have been directly taken up by roots and transported and accumulated more easily than I − or IO 3 − in stems and leaves, leading to the increased adsorption and movement of iodine (indicated by TF values) in the hydroponic experiment. We cannot, however, provide clear evidence that organo-iodine compounds (e.g., iodosalicylates, iodobenzoates or their derivatives) formed in the soil or the nutrient solution, following the application of HU and fertigation with KIO 3 . The lack of influence of pre-sowing HU + KI fertigation (pot experiment no. 1) on iodine absorption might be affected by an adverse mechanism of iodide transformation in soil. The oxidation of I − ions into I 2 (which can then potentially react with humic and fulvic acids present in HU) occurs efficiently at an acidic pH and Eh values between +600 and +900 mV, in the presence of iron and manganese cations (Fuge and Johnson 1986; Johnson 2003; Ashworth et al. 2003; Fuge 2013) . Thus, in the experimental conditions (with Eh values after the spinach harvest between +318.1 mV and +360.0 mV), I − oxidation was theoretically was unlikely. On the other hand, in aerobic conditions at Eh values of about +300 mV, the process of IO 3 − reduction to I 2 occurs relatively easily in the soil or the rhizosphere (Fuge and Johnson 1986) . The absence of an effect of the simultaneous presowing application of HU and iodine (HU + KI and HU + KIO 3 compared to KI or KIO 3 alone, respectively) on iodine uptake by spinach plants (or TF and RDA values) might be due to the strong sorption of iodine ions in the soil. Iodine desorption is very slow (Dai et al 2004) , which explains why soil fertigation with KIO 3 and KI in both pot experiments was more effective with respect to the iodine biofortification of spinach (and TF or RDA factor) than its application before seed sowing.
In the hydroponic experiment, a higher TF for iodine was obtained in the control vs. KIO 3 and HU + KIO 3 treatments in leaves, and vs. HU, KIO 3 and HU + KIO 3 treatments in roots. This might have been due to the more rapid uptake of iodine from the nutrient solution by the control plants than those cultivated in soil, where the availability of iodine to plants was limited by sorption. The leaf iodine content was 0.92 and 1.07 mg I · kg , respectively, in 2010. Therefore, from the initial concentration of 4 mg I · dm −3 in the nutrient solution, the plants absorbed 32.3 and 31.0 % in 2009 and 26.3 and 34.3 % in 2010 , respectively in these plots. In the control treatment, however, the plants absorbed practically all of the iodine from the nutrient solution. The relatively high TF values for the leaves and roots of the control plants in the hydroponic treatment, therefore, are a direct result of the algorithm used to calculate the transfer factor. As a consequence of the increased iodine uptake in the KIO 3 and KIO 3 + HU plots in the hydroponic treatment, or with the application of HU together with KI or KIO 3 fertigation in the pot experiments, the degree of iodine methylation might have increased. This is viewed as a mechanism of plant detoxification for this element (Rhew et al. 2003) . Methylation might have caused some iodine loss from the leaves, and thus, have affected the calculated TF.
An increase in iodine accumulation and TF or RDA values in spinach leaves after fertigation (with KI and KIO 3 ) in both pot experiments might be because this method ensures a better availability of this element for plants. With the traditional pre-sowing application, iodine moves very slowly within soil via leaching water ), which limits its availability and uptake by roots. Furthermore, microorganisms and/or their products (e.g., enzymes) might additionally participate in the process of iodine accumulation in soil (Muramatsu et al. 2004) .
It is generally acknowledged that plants grown in the presence of iodides (I − ) take up more iodine than after the introduction of iodates (IO 3 − ) into soil (BorstPauwels 1961; Smith et al. 1999; Mackowiak and Grossl 1999; Gonda et al. 2007; Zhu et al. 2003) . A comparison of the results of both pot experiments indicates the opposite relationship concerning the preference by spinach plants towards the uptake of a particular form of iodine. The potential reason for the better uptake of IO 3 − over I − (a higher TF value for IO 3 -than I − , especially when applied with fertigation) might relate to the previously described processes of iodine transformations in the soil during the spinach cultivation. Furthermore, Dai et al. (2006) showed that roots and leaves of spinach fertilized with iodates accumulated more iodine than those treated with iodides. Therefore, differences in iodine uptake by plants (and TF or RDA values) , when applied in particular forms, reported by various studies might result from diverse physicochemical properties of soil as well as from different iodine doses, methods of application and various processes of its transformation in soils. Additionally, species preferences might exist, in the uptake of both forms. We assume that in our research, iodine might have undergone processes of sorption with SOM or the mineral soil fraction upon introduction into the soil, e.g., with Al hydroxide or other compounds. Aluminium is responsible for soil acidification, therefore, the binding of iodine with Al hydroxides (or Fe hydroxide, Cu/Al, Cu/Cr hydroxide, Cu(I)-sulphides or Cu(I)-Fe(III)-sulphides), as well as the presence of iodine alone in the soil, might have influenced the changes in pH, Eh, EC, and the content of the forms of Cd and Pb available to the plants.
Following the introduction of HU alone before seed sowing in both pot experiments, a significantly higher level of iodine was observed in the soil (extracted with 0.03 M acetic acid) than before spinach cultivation. This might indicate that the HU present in the soil triggered the transformation of absorbed iodine compounds into products that were more soluble in 0.03 M acetic acid. Notably, in the iodine application treatments (pre-sowing or by fertigation), a slightly higher soil level of iodine was observed after spinach cultivation, which should have resulted from the sum of the initial content and the iodine dose used. This might suggest that the introduction of iodine into soil with growing plants promotes the formation of iodine compounds that are soluble in 0.03 M acetic acid. Yuita et al. (2006) reported an increase in the iodine content in soil during a spring season that was followed by an increase of air temperature and soil humidity after winter.
Concerning consumer requirements, soil fertigation with KI and KIO 3 in the pot experiments caused a substantial increase in RDA values for spinach, compared to those after the one-time pre-sowing application of these compounds (irrespective of HU application). The resulting level of iodine biofortification of spinach after KI fertigation with and without HU (pot experiment no. 1) was sufficient for consumers, i.e., RDA values within the range from 50 to 70 %. With fertigation with KIO 3 in a pot experiment, especially when applied with HU, the iodine concentration in spinach could be increased to a level that exceeds consumer requirements, i.e., RDA values from 65 to 220 %. In hydroponic cultivation, the RDA value in the combination with KIO 3 fertigation (alone or together with HU) remained within the range of 600-1,000 %. Therefore, to develop agro-technical rules for the iodine biofortification of spinach using KIO 3 fertigation, lower iodine doses (than those applied in our studies) can be used to obtain sufficient and safe RDA values. Spinach can be consumed fresh or after thermal processing. As shown by the research of Cerretani et al. (2014) , thermal processing leads to iodine loss in vegetables, although they are still an excellent source of iodine in the diet.
Accumulation of Cd, Pb and oxalates in spinach A significant increase in Cd accumulation was observed in leaves of spinach cultivated in the hydroponic experiment due to the introduction of KIO 3 to the nutrient solution. Currently, no known mechanisms can directly explain the difference in HU interaction with KI and KIO 3 (when applied either prior to sowing or with fertigation) with respect to Cd and Pb accumulation in spinach plants.
Spinach is a crop species characterised by a high content of oxalates (Jaworska and Kmiecik 1999) . An increased accumulation of organic acids in plants is one indicator of unfavourable metabolic processes in plant cells, which, for example, are triggered by biotic and abiotic stress factors. Calcium oxalate crystal formation in plants appears to play a central role in a variety of other important functions, including tissue calcium regulation, protection from herbivory and metal detoxification (Nakata 2003) . In our studies, an increase in the soluble oxalate concentration only in the hydroponic experiment was related to the increased content of Cd in plants treated with KIO 3 . The simultaneous introduction of KIO 3 + HU into the nutrient solution (compared to KIO 3 alone) resulted in a decrease in Cd and oxalate accumulation in the plants. Based on the results of the pot experiments, the increased content of oxalates in spinach leaves cannot be linked to the process of iodine biofortification.
In summary, fertigation with KI and KIO 3 during the cultivation leads to a significantly stronger effect of iodine biofortification (and TF or RDA) of spinach plants compared to the pre-sowing introduction of this element into the soil. Fertigation with iodine compounds at even lower doses than those applied in the pot experiments (0.0004 % iodine solution) can reduce the costs of iodine fortification of plants. This is further substantiated by the values of RDA, which in pot experiment no. 1 were close to, or exceeded, the optimum daily intake of iodine contained by a serving of 50 g spinach fresh leaves. We assume that iodine accumulation in plants to a level comparable to that observed after presowing fertilization with KI or KIO 3 can be obtained by using lower doses of iodine. An additional advantage of fertigation as a method of iodine introduction into soil is that it does not increase the accumulation of Cd and Pb in spinach.
The combination of HU application with KIO 3 fertigation (applied in pot experiment no. 2 and the hydroponic cultivation) improved the transfer of iodine from roots to leaves, resulting in the increased accumulation of iodine in the leaves. In plant culture using a NFT system, a positive effect of HU + KIO 3 was observed with respect to the limited accumulation of Cd and oxalates compared to the application of KIO 3 alone. Notably, the content of Cd in spinach grown in the presence of KI and HU was significantly lower than that in the control. We can also conclude from the results of the pot experiments that IO 3 − ions (or products of its transformation in soil) are more easily taken up by spinach plants than I − ions. However, despite the significant increase in the iodine content (and TF of RDA factors), no significant influence on the biomass (yield) was observed. The literature on iodine biogeochemistry does not provide sufficient information with which to unequivocally interpret all of the results in this study. Therefore, it is necessary to confirm some of our findings by further experiments concerning the mechanism of the interaction between various chemical forms of iodine with humic acids in the soil environment and plants, as well as the accumulation of hazardous chemicals (Cd, Pb, oxalates) in crops.
